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1. Introduction

The definition of elements to be reappraised frophigosophical point of view in this chapter
is well known among chemists and historians of detmn It plainly says:

An element is any substance that we, at the custete of our art, cannot decompose
further by chemical analysis.

Lavoisier was perhaps the most forceful advocatshnat definition! However, from an epis-
temological point of view, it does not matter whistf formulated the definition, for what rea-
sons, in what context, and if such formulationseveonsistent with other views by the re-
spective author. It is sufficient to acknowledgattthe definition was accepted by the vast
majority of chemists around 1800, but even the edate is largely unimportant.

The reason for the neglect of such details ismativated by disinterest in the history
of chemistry, but justified by the epistemologis#htus of definitions. A definition is not to
be confounded with a discovery, a hypothesis, treary, achievements for which we can
frequently give credit to an individual. In contraa definition defines the meaning of a term,
here “element,” which serves communicational puegosndividuals can suggest a new defi-
nition and provide arguments pro and con its adoptbut only a community can agree upon
a definition by convention.

Almost all commentators of the “chemical revolatidhvave discussed the definition,
whether it should be considered part of that “ratioh,” and if Lavoisier consistently applied
it in his own works, which does not concern us hé&teey have used various terms, such as
“empirical definition,” “analytical definition,” or‘'operational criterion,” but only a few have
called it an “operational definition,” which it aally is from an epistemological point of
view.

An operational definition defines a general teh@e “being elemental,” by reference
to one or more operations. For instance, moderrsipisys define “time” by reference to
measurement operations involving a clock. Empilycaiorking psychologists and social sci-
entists work hard to operationalize their concéptseference to measurements. Operational-
ism, that is, the view that all basic conceptsaxisce should ideally be operationally defined,
was first elaborated by Physics Nobel LaureateyPBridgman (1927). Although it received

! “Nous nous contenterons de regarder ici comme sgmnjoletes les substances que nous ne pouvont

décomposer; tout ce que obtener en dernier résphiat’analyse chimique. Sans doute un jour cestanzes,
qui sont simple pour nous, seront décomposéesratden...mais notre imagination n'a pas dit devantes
faits, & nous n’avons pas di en dire plus que lurene nous enappreh(avoisier 1787, 17-18, quoted from
the original).
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harsh criticism by logical positivists who mistoibkas a general semantic theory, it arguably
plays an important methodological role in most emogl sciences.

The operational definition of elements, as fornedaabove, is special in two regards.
First, it defines a kind of material entities, elants, in such a way that they can be produced
in the laboratory by following the definition: iby take any substance and apply all available
methods of chemical analysis, you end up with etemeer definition. That is because the
definition refers to experimental operations of oleal analysis rather than to measurement
operations. (The definition also implicitly refeie measurements of equivalent masses that
allow one to decide on empirical grounds if a cleahieaction is actually a decomposition or
a synthesis.) Second, the definition refers todimeent state of the art, which may change
over time, such that what was once consideredeanaesit is no longer an element, but not the
other way round. The meaning of “element” is thgrbbund to the limits of human capaci-
ties, acknowledging that this is not something gilsat changing in an unpredictable manner.
All assignments of the elemental status are thasigional and contingent on the current la-
boratory practice.

If one considers that in the entire history ofunat philosophy before, elements had
been the central theoretical entities for explametj not only in chemistry but also in medi-
cine, mineralogy, and most of the sciences, thetalo of the operational definition with all
its oddities and contingencies appears almost craag yet, all of modern science has been
built on the operationally defined elements, bothezimentally and theoretically, and quite
successfully so.

In the following? I first point out the radical disruption that tadoption of the opera-
tional definition implied for chemistry and natugtilosophy. Against the background of the
traditional role of elements in natural philosog®gction 2.1), the main disruption consisted
in giving up explanation, the primary goal of naluphilosophy, because the new elements
had to be discovered first of all (Section 2.2)eithh compare the operational turn in chemis-
try with several well-discussed “revolutions,” inding the Kantian, relativistic, and quantum
revolutions in physics, which similarly modified rounderstanding of fundamental concepts
of natural philosophy, such as time, space, andatan (Section 2.3). Section 2.4 offers
some explanation of why most historians of scidmee neglected the radical disruption and
its significance for science.

Complementary to Section 2, the subsequent seengohasizes continuities of the
concept of elements across the operational turnysiryg a threefold epistemological frame-
work (Section 3.1) that the eminent philosophes@énce Rom Harré developed in 1986. If
one considers all three roles or functions thatmelgs have played with varying emphasis
throughout history — explanation, classificatiorperimental accessability — the operational
turn perfectly meets the needs of experimentalsscf®ection 3.2) and classification (Section
3.3) at the temporary expense of explanation. Withexception of that temporary period,
conceptual tensions arising from reconciling ateéhfunctions in one concept have always
been obvious and caused numerous debates (SectipwBich | illustrate by medieval de-
bates on elements in compounds and by IUPAC’s oudefinition of chemical elements.

In conclusion | discuss the legacy of the operaialefinition and the importance of
philosophy for both chemistry and the history oéwtistry.

2. Discontinuity

2.1 Principles of Nature

The notion that the material variety and dynamitsw world are somehow based on fun-
damental principles has been central to all najindbsophy, from early ancient Greek, Chi-

2 Much of this chapter draws on Schummer 1996

2



The Operational Definition of the Elements

nese, and Indian philosophy to modern science. eleuse the particular ideas have greatly
varied, for instance, whether these principles haagerial, nonmaterial, or processual quali-
ties; whether there is only one principéed, Thales), or infinitely many (Anaxagoras), or an
ordered set of a few principles (Plato, Aristotlapd whether they were calletioicheia
(Greek),elementgLatin), xing (Chinese, Taoismjnahibhita (Sanskrit and &i, Buddhism),

or elementary particles (modern physics). Regasdiégheir differences, all natural philoso-
phies have shared the combined ontological andespidogical assumptions that the world is
based on stable or recurrent principles and cadmebeunderstood (explained, predicted, con-
trolled) by referring to such principles. Theseuasptions have distinguished natural philoso-
phy from all other approaches to understandingwtbdd, including theistic religion, cratft,
and mere description, be it qualitatively as inunait history or quantitatively as in applied
mathematics. And they became a model for othensfieeapproaches, including geometrics,
for which Euclid first introduced his definitiona@axioms as “elements.”

How did natural philosophers arrive at their piyates? Those who favored material
principles mostly developed the characteristic props of their principles by analogy from
material experience and supported them by explamatiThe analogy reasoning is already
obvious on the surface level of their terminologithough they usually emphasized that the
principles should not be confounded with ordinamgtenials, they used terms such as “fire,”
“air,” “water,” “earth,” “metal,” “wood,” “sulphur; and “mercury.” The more sophisticated
approaches, such as by Aristotle and the Buddhadtiphiita doctrine, developed their prin-
ciples from a systematics of material properties. iRstance, Aristotle¥e gen. et car Il. 2-

3) selected two pairs of opposite properties, ezddm and liquid-solid, such that all proper-

ties are tangible and the first pair has activeaf on other materials (expanding or shrinking
them) and the second one passive properties (Imeang or less ductile). With that he could

redefine the four classical elements (called faie, water, earth) by the four possible binary
combinations of active and passive properties, vhitowed him and his followers to make

explanations of what we would today largely catrthodynamic, mechanical, and chemical
properties and interactions.

The principles or elements of nature were not adgd in armchair philosophy and
supported by a few explanations of everyday lifermimena. Aristotle, for instance, widely
used them for explanations, from the structuredmwmics of the cosmos, to the physiology
of biological organisms, to processes of chemicattg. However, their most important, and
most popular, use was probably in medicine, botRlvna and the West. For instance, al-
ready Hippocrates employed, perhaps co-createdgléissical four elements doctrine in his
physiology, which Galen would develop into his theof the four humors, that is, four fun-
damental fluids of the body, corresponding to ther felements. Assuming that the four hu-
mors are in a certain balance in a healthy bodgxptained many diseases (as well as a vari-
ety of human temperaments) by their imbalance eteured by medicines that could restore
the balance. The humoral theory was the most impbtheoretical basis in Greek, Roman,
Islamic, and European medicine at least until thet & the eighteenth century.

Also most alchemists and chemists accepted thssickd four elements as their basic
principles up to the late eighteenth century. Hosvethey supplemented them by higher-
level principles, such as “sulphur,” “mercury,” apdlogiston, to explain chemical phenome-
na, including combustion and calcination, whichshlbwed radical changes of properties. As
“property-conferring principles” they were suppogedsurvive all chemical transformation,
but would change their appearance from being latesbme combinations to openly display-
ing their properties in others. Apart from occasiomeferences to divine help and astrological
influence, which was favored by theological auttiesi such as Thomas Aquinas, the general
explanatory approach of material properties didam@nge much since antiquity. The proper-
ties of materials were explained by the princiglest they were supposed to be composed of
and had inherited from other materials by earlfenical transformations. When the simple
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combination of the properties of the principles dmt suffice, the usual assumption, in ac-
cordance with Aristotle, was that the principlesntined to form new substantial forms. As

the number of known chemical transformation inceeaseferences to new substantial forms
grew, which in modern terms correspondath hochypotheses to save an explanatory ap-
proach.

2.2 Epistemological Disruption

Historians of chemistry usually call the principleé premodern chemistry “metaphysical
principles,” but it is not so clear what that megoarticularly if one considers Aristotle’s in-
ference of his elements from tangible propertiépastulating a theoretical entity for ex-
planatory purposes were metaphysics, then all adsatal natural philosophy and most of
today’s theoretical sciences would be brancheseatphysics. It is more likely that historians
just adopted the term “metaphysical” from contenappichemists who favored an operation-
al approach in chemistry. And that was probablyrttwest radical departure from the received
understanding of science ever since. It not onbkérup with metaphysics, it also gave up, at
least temporarily, the idea that the main goalctérsce (natural philosophy) is explanation.

Remember that elements had before been concegptigaibloped for explaining mate-
rial properties and transformations, not only iemistry but also in biology, medicine, mete-
orology, and many other fields of science. If yawrdefine elements as those substances that
resist any kind of separation according to the @mmtorary state of the art, you are not replac-
ing one set of principles with another one. Instgad abolish the explanatory basis of all
these sciences. At the beginning you do not eveawkwhat the new elements might look
like, because the definition gives no hint at @hce you have found a substance that resists
any separation effort, you first need to studypitsperties. How can you make use of these
empirical properties for developing explanatory ragghes? You can never be sure whether
that substance remains an element or not, becauerf improvement of separation tech-
niques might take it apart. And would not a scien@pproach require that the complete set
of elements, that is, all explanatory factors, lamewn before you should dare any serious
explanation?

The overall discovery of the new elements wasrg sw process that included nu-
merous research programs (Schummer 1997). Aftexady period of many discoveries their
number has almost linearly grown since about 1888@, 27; 1808, 39; 1850, 55; 1900, 81,
1950, 98; 2000, 114). Of course later discoverresigfht about only rare and even artificially
made elements. However, in the early nineteenthucgithe most widely spread elements,
including the alkali metals, alkaline earth metalsd halogens (except chlorine), were un-
known. What kind of chemistry is possible on sudmated elemental basis? Chemists fo-
cused on discoveries, both of new elements and toenbinations, and postponed explana-
tion.

What appears like a crazy move has a deeper r@agdiiosophical ontology. Indeed,
it redefines the ontological concept of “substahteat which persists through all possible
changes, on experimental grounds. If by definitioe elements cannot be destroyed by any
chemical means, then they necessarily persist oualchemical transformations.

2.3 Similarities and Differences to Scientific “Revolutions”

Was there any other event in the modern histosgc@nce comparable to the epistemological
disruption in chemistry? If we believe our histoisaand philosophers of science, all the big
discontinuities or “revolutions” have been theoharges, one theory replacing another one.
In endless debates since the 1960s they have destufsin all these cases the explanatory
potential of the competing theories can either cm@mared or not, which implies that no sin-
gle discontinuity consisted in temporarily giving explanations at all. Moreover, all big rev-
olutions concerned only very specific fields ofeswe, with little to no immediate impact on
4
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others, such as astronomy (Copernican revolutimejhanics (relativistic, guantum mechan-
ics), biology (Darwinian evolution), geology (tentos), and so on. In contrast, the epistemo-
logical disruption in chemistry strongly influencetst other sciences who relied on the age-
old concept of elements.

At the risk of provoking harsh criticism from pbslophers, | would like to point out
some epistemological similarities to the relaticisguantum, and Kantian revolutions, all
being favorite topics in philosophy. The core o thperational definition consists in relating
elements to human capacities, here to the expetaiheapacities of taking chemical sub-
stances apart. In all the other three examplesamedentify the same move (although there
exist alternative interpretations that try to avtbidt).

Both the special and general relativity theories be derived from classical mechan-
ics, and in fact have frequently been describedtanght so in the tradition of Ernst Mach, if
one requires that all properties in mechanics tretlg related to human measurement ca-
pacities, rather than being conceived of from a-@gels view. The measurement of time and
length of some object moving at a distance is bdmwnthe signal speed of light, which was
empirically found to be constant. If you includettso-called relativistic factor into the for-
malism of classical mechanics for different obsesyéhereby forgoing a God-eye’s view,
you end up with special relativity theory. Similgrthere exists no physical measurement
apparatus that can distinguish between gravitdtifmnee and acceleration (or between gravi-
tational mass and inert mass). Once you replacatgtianal force with acceleration in the
formalism of classical mechanics, you end up wehegal relativity theory.

According to the most influential Copenhagen iptetation of quantum mechanics,
particularly in Heisenberg’'s version, quantum meate followed a similar move, best ex-
pressed in Heisenberg’s uncertainty principleldinas that for certain pairs of physical prop-
erties, such as location and momentum or time aedgg of a particle, there is a limit of pre-
cision at which they both can be known simultanBoWhereas others have later taken that
principle as an axiom that requires no interpretatHeisenberg himself considered the limit
being posed by any possibly accurate measuremaniMbuld necessarily interact with the
particle. In that tradition, physics is no longansng for a God-eye’s view but for a general-
ized human view that needs to take into accounliriies of human capacities.

In a certain sense physicists followed the thitd mmuch earlier example of Kant, who
had developed his “Copernican Revolution” in eprgiogy around the time of the “chemical
revolution” in hisCritique of Pure Reasofl781). Kant argued that true scientific knowledge
(“synthetic statements priori”) cannot be derived from mere sense perceptiorfroar met-
aphysical assumptions about the world as suchomlytfrom understanding the fundamental
capacities of the human mind. For instance, sgane, and causality are not something giv-
en or to be inferred from perceptions. Insteadnin@an mind necessarily constructs our sen-
sible world such that it has a certain spatial,geral, and causal order. By investigating the
perceptual and intellectual capacities in detadnKhoped to proof the a priori truth of Eu-
clidean geometry and Newtonian mechanics, whicheirout to be wrong, however, by
Riemannian geometry and relativistic mechanics.

All four examples have in common that they redeftentral concepts of natural phi-
losophy by relating them to human capacities amit fimits: experimental measurement in
physics, cognitive capacities in epistemology, arderimental separation in chemistry. Yet,
while the first three cases are widely consideagdiinark revolutions in the history of science
and philosophy, the chemical turn to operationdi§ined elements has never been recog-
nized as an epistemological revolution despiteféice that all of modern chemistry, and al-
most all the sciences, nowadays refer to the cteralements that have first been identified
by the operational definition.

Furthermore, the historical move from a God-eye&wv to one that is specified by
human conditions is not restricted to science. &iRenaissance humanism that has been a

5
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central feature of modernity in most branches ofsiie culture, including are(g, central
perspective, aesthetics modeled after the human)pethics (justification of moral rules by
rational principles instead of divine order), lavatural law based on human nature), and poli-
tics (legitimation of power by democratic procedurastead of divine order). It would be
more appropriate to understand the chemists’ ojpai@tturn of the elements of nature in this
broader cultural context rather than discussiragiin appendix of some contemporary theory
change.

2.4 Why Was the Disruption Neglected?

To be sure, historians and philosophers of cheynrstive all been aware of and mentioned
the change from “metaphysical principles” to operally defined elements. However, they
usually did so as if just one set of elements veptaced by another one, and they did hardly
acknowledge the radical epistemological disruptiomatural philosophy. There are several
reasons for the neglect that are all related tosthtealled “chemical revolution” and Lavoi-
sier’s role therein.

Lavoisier has rightly been considered the mosuanitial proponent of the operational
definition of elements during his time. However, did not consistently apply it in his own
scheme. Instead he included, for instance, impaidies such as light and heaglprique
that would not meet the operational definition, gegfing that the definition was not of cen-
tral importance to him. For instance, the decontfsiof light by diffraction in prisms was
well known and accepted since the seventeenth etitrough works by Francesco Grimal-
di. The more Lavoisier was seen as the hero oN#we Chemistry, the more one could copy
his mixed attitude toward the operational defimitio

Second, historians of chemistry have dealt with dperational definition mostly by
answering who-did-what-first questions. For insggnsome argued that not Lavoisier but
Boyle would have first formulated the definitionhike others rightly pointed out that Boyle
had rejected elements and chemical principles etlb@y in hisSkeptical Chymist{Davis
1931). Some tried to give Joachim Jungius the tratthough his complex ontology was
entrenched in medieval scholastics and had litilenection to experimental practice (Meinel
1982). Others have argued that the operationahitieft was already used in mid-eighteenth-
century mineral chemistry for pragmatic reasonsti@darly by Torbern Bergman (Oldroyd
1975). All these historiographical debates on wishrould credit be given have moved epis-
temological questions to the background.

Third, Lavoisier's own engineering of a “chemicaVvolution” was tailored against the
received phlogiston theory to promote his own oxytieeory. Oxygen, which literally means
“acid generator,” actually met the operational digfon and at the same time took a unique
explanatory role in his acid theory, according toick all acids contain the acidic principle
oxygen. It thus appeared that the new elementslaouhediately replace the old principles
in chemical explanations. However, Lavoisier’s attidory was very soon given up because
of massive counter-evidence: many basic substasuas as potash were found to be com-
posed of oxygen, and acids such as muriatic adtl)(ebntained no oxygen. The short life of
the acid theory thus covered the fact that the elements could at first not serve in explana-
tions.

Fourth, from the 1960s onward, the “chemical ratioh” was usually framed in terms
of a change of competing theories that are strattyusimilar, such as classical and relativ-
istic mechanics. For instance, while the phlogidgteory described combustion as the release
of phlogiston from the burning substance into tinethe oxygen theory described it as a reac-
tion of that substance with oxygen from the airwdger, that framework made people ignore
that the two “theories” are of entirely differemtistemological kinds. It is one thing to de-
scribe a chemical transformation in terms of thehexge of one or the other element, and
quite another thing to provide an explanation ftwwhe transformation occurs at all. While
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the phlogiston theory explained the combustibitifyall substances by their containment of
phlogiston, the oxygen theory had no explanatiooffer for combustibility or any other kind
of chemical property for more than a century, befexplanatory theories emerged in terms of
chemical bonding energies. Thus, a misleading pbpbical framework, taken from debates
in the philosophy of physics, hided the radicab&gnological disruption.

Fifth, Lavoisier was quick to incorporate the ngwécognized elements into a chemi-
cal classification and nomenclature of hithertoaams systematics, such that the identity of
compounds was now based on their new elemental asitign, which became extremely
successful. While that has been recognized conmipelsatecently as being part of the “chem-
ical revolution” (Siegfried and Dobbs 1986), it fébd the attention even more away from
explanation. As will be shown below (Section 3dlgssification and explanations are dis-
tinctly different epistemological functions of elents.

Sixth, two decades after the “chemical revolutiddalton’s atomism offered a new
theoretical approach in which atoms correspondethdéoelements. That suggested that the
new elements could almost immediately take on tie of explanatory entities. However,
Dalton’s original atomism, while explaining or refaulating the laws of definite and multiple
proportions, did not explain chemical propertieccompounds. It took many decades before
the approach gained any explanatory potential woréimtioning, such that most chemists
considered it just a formalism to describe relatgpivalent masses of the respected ele-
ments. Many twentieth-century historians and plojdeers of science, who were enthusiastic
about the much later success of atomism in strakcttiremistry, have overlooked that long
period. And they equally tend to overlook thatailimodern chemistry, and most of modern
science, is based on the turn from the receivettiples to operationally defined elements.

Overall, the historiographical focus on the “cheahirevolution” and its various inter-
pretations have made historians and philosophersheimistry neglect the epistemological
disruption caused by the adoption of the operatideéinition of elements that occurred at
about the same time. There is no hero in adoptidgfeition. The international chemical
community did it sometime around 1800. But the éxiates and individuals do not matter for
its epistemological understanding and appreciation.

3. Continuity

3.1 An Epistemological Framework for Understanding the Elements

A more general reason for the little appreciatithie lack of an epistemological framework
that allows one to understand what epistemologmalk elements have played in the history
of science. A framework is not to be confused wittiheory; it does not depict anything. It is
a conceptual tool or scheme that can be appliehyohistorical period in order to grasp its
epistemological particularities and to identify tianities and discontinuities.

The framework | am suggesting is borrowed from Rdanré’s pioneering workari-
eties of RealisnfHarré 1986). Although he himself developed it tmerstanding particle
physics, despite his earlier background in cheneogjineering before he became one of the
most influential philosophers of science, his ideas easily be generalized and applied to the
entire history of elements (Schummer 1996, chapter

In his book Harré presented three versions ofgmal(1) for ordinary world experi-
ence, (2) for theoretical entities, and (3) fortedat mathematical structures. The second one,
called “reference realism,” transformed the conterapy language-focused debate (when do
theoretical terms in science refer to real entfj@ato a question of scientific practice: when
is it reasonable to believe that a theoreticaltgmxists such that we should actually start a
research program to experimentally identify it? drswer that question, Harré developed a
sophisticated scheme that allows assessing thalbgerentific context. What matters in the
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present context is that he distinguished betwergettifferent epistemological roles or func-
tions of theoretical entities, all of which shoudieally be considered at the same time.

The received philosophy of science has usuallysicened only the first role of theo-
retical entities, their explanatory potential witld certain theory. Many even went as far as to
define theoretical entities just by that, such tiat theories that happen to use the same theo-
retical term, say “electron,” refer to differenttiéies. However, Harré added a second func-
tion, their ontological role in a classificationssggm. While classification came to the aware-
ness of most philosophers of science only througttiqge physics, it has always played a
pivotal role in most sciences other than mechamcdyding chemistry, biology, mineralogy,
and so forth. Scientific classifications frequergiyploy theoretical entities, the most promi-
nent historical case being the classical elemengsiociples that allowed ordering the realm
of substances by their supposed composition oélgrments. The third role, which is a central
requirement of Harré’s “reference realism,” is ttteg theoretical entities are conceptualized
such that they potentially belong to the observetiovorld. Even if we do not yet exactly
know how to do it, there should be a possible veagdt direct experimental access to these
entities.

If we apply this threefold framework to the entiistory of chemistry and alchemy, it
turns out that there have always been tensionsdegivthe three roles, up to the present day.
Many theoretical conceptions of the elements ongipies have focused on explanation, at
the expense of classification and direct accedser®thave highlighted classification, neglect-
ing explanations and experimental access. And tivere, even long before the operational
definition, approaches that emphasized experimawtadss.

Rather than analyzing the entire history of eleiméwre, | will use the framework to
point out three aspects: (1) the continuity of thied role, (2) the importance of the opera-
tional definition for classification, and (3) comteal tensions arising from difficulties in rec-
onciling all three roles.

3.2 Experimental Access

The threefold framework allows us to recognize @perational definition of elements as an
extreme concept that takes the third role, experialeccess, as the defining characteristics
of elements. However, other historical conceptiohslements have taken that role also into
account, even though they put more emphasis orotther roles, such that the framework
helps us to see more continuity in the history (ehmer 1996, 101-165). Let us take a brief
look at four examples.

In Aristotle’s scheme the four elements are cargid real material substances (com-
posed of matter and form, in his ontology) withdiate properties. They therefore seem to
perfectly meet Harré’s third criterion for theocetl entities, direct accessibility, even if one
does not yet know exactly how to do that. But Axiilet himself was skeptical for reasons con-
sistent with his own account. The elements caronbt move around, mix with one another,
and build compounds, they can also convert intoanather. Any attempt to isolate them by
experimental methods would have to apply materighms - for instance, fire in distillation -
which would result in transformation rather thansaolation.

The experimental tradition of alchemy and chemistas more optimistic than Aristo-
tle was. For instance, Christian Gottlob Gmelinowlased his 1780 chemistry textbook on
the Aristotelian elements, provided even a versibtihe operational definition (Gmelin 1780,
36):

Simple bodies in the chemical sense are those vdaicibe no further decomposed in-
to unlike particles by chemical artifices, they eaafled by another name “elements.”
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The second example, classical atomism, literalljluides an operational definition in its
name. An atom (from Greektomos the indivisible, uncuttable) is a material bolgttcannot
further be divided. In the Christian tradition, thianit of division usually marked the distinc-
tion between human and divine capacities of diviskor mechanically minded philosophers,
it was the limit of cutting a piece of matter byiamgined small knife. Whatever the specific
account, classical atoms were conceived as materiagies by a hypothetical operational cri-
terion, even though direct access was considerée testricted by their supposed smallness.
However, by making the operational criterion hymtittal beyond human reach, atomism did
not encourage experimental approaches of isolatoigidual atoms.

My third example is the sulphur-mercury theorynfrérab and Latin medieval alche-
my. Both “sulphur” and “mercury” were usually cotesied higher-level principles composed
of the classical four elements, and in turn weredhlsential components of many materials.
Particularly detailed were views about metals whasaracteristic properties alchemists ex-
plained by their different proportions of the twongiples. Rather than being “metaphysical
principles,” or identical with the common substamoé the same name, “sulphur” and “mer-
cury” were thought to be material substances that e isolated by experimental methods
(Newman 2014). Unlike the Aristotelian elements dmel atoms, these chemical principles
encouraged developing for the first time in histagphisticated experimental laboratory
techniques for taking substances apart and contpihiem anew (solve et coagula, as it was
called in Latin), which became the model of the Bradchemical laboratory for analysis and
synthesis, and, for that matter, of laboratory sméein general. Thus, the notion that “sul-
phur” and “mercury” are potentially real and puréstances, from which one could even
produce highly valued substances such as gold,lehdlbe development of the idea of la-
boratory science in the sense of performing coletiplreproducible, and theoretically guided
operations.

Fourth, many later commentators have ridiculedgiston as a fancy detour of sci-
ence that postulated an imagined chemical prindglexplanatory reasons only without any
experimental foundation (Harré’s first criterioeghoing Lavoisier’'s own rhetoric. However,
eighteenth-century “phlogistonists,” that is, alinal chemists by then, had long given up
speculative natural philosophy, as the philosogfehemistry Elisabeth Stroker (1982) con-
vincingly argued on the basis of the original, mostin, texts. Already Johann J. Becher,
on whose theory of various “earths” Georg ErnstiSteveloped the generalized phlogiston
theory, tried to base his principles on experimegtaunds. Before the so-called “chemical
revolution” chemists identified phlogiston, whick then had gained tremendous explanatory
success for such diverse fields as combustionjnzdion, breathing, and meteorological cy-
cles, with experimentally identifiable substandas|uding what we would today call hydro-
gen, carbon, and energy. One could even arguehasgd2012) has done, that the phlogiston
theory pre-formulated modern redox theory, makihkpgiston a predecessor of today’s elec-
trons. Whatever the interpretation and its speciie in explanations, phlogiston was from
its very beginning thought to be a chemical sulzstdhat could possibly be isolated and ana-
lyzed in pure form in the laboratory.

In all four examples, experimental accessiblitamsoperational criterion of elements,
at least on hypothetical grounds, that illustrakescontinuity of Harré’s third role in the his-
tory of chemistry.

3.3 Classification

The simplest form of a systematical classificatiakes two independent properties and their
opposites (A, non-A, B, non-B) and combines thera table of four classes (A and B, A and
non-B, B and non-A, non-B and non-A). In some sergestotle’s scheme of fundamental

properties (solid, fluid, cold, warm) correspondghat account. However, the central idea of
natural philosophy has always been the classiinadf matter not by properties but by ele-
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mental compositions, such that Aristotle defineel ¢hements by primary matter bearing each
a binary combination of fundamental properties.ekdi the notion of elemental entities is
logically tied to a classificatory approach basedetemental composition, that is, every ac-
count of elements implies a classification basedamposition, ideally in quantitative terms.

The main historical problem of classifying matierterms of elemental composition
was insufficient knowledge about composition. Thenposition could not simply be inferred
from observational properties. As long as elemevise theoretical entities postulated for
explanatory purposes, the only way of inference fn@® successful explanations, such that
classification and explanation were epistemolotyctéd together, despite being epistemo-
logically different functions. For instance, detémng whether a substance contained phlo-
giston or not could only be assessed from the espian of certain chemical properties, such
as combustibility, which the phlogiston theory expéd. On the other hand, an ever-
increasing repertoire of experimental techniqueanaflysis, such as various forms of distilla-
tion, allowed taking substances apart and provieztt access to components. Much of the
history of alchemy and early chemistry is aboubreidling the explanatory and experimental
approaches to elemental composition, without sgcces

Against that background we can appreciate theatipeal definition of elements as a
move that perfectly combines classification andegxpental access, at the expense of expla-
nation. If elements are those substances that firyitten resist any separation technique, then
the experimental separation of any substance ukignarovides its elemental composition by
experimental access to the elements. Moreovehgifanalysis is performed quantitatively in
terms of relative elemental masses, every substarcée classified based on the quantitative
composition of elements, which previous accountgcconly dream of.

The new definition of elements was not the onlgragional solution to classificatory
problems in chemistry (Schummer 1996, 170-181)teb the old hierarchy of materials,
from elements to compounds, to homogeneous mixtanes heterogeneous mixtures, that
Aristotle had already developed on partly obseorati and partly theoretical grounds, could
be redefined by reference to experimental techsigMechanical separation techniques —
such as cutting, grinding, and sorting — decidegtlefmaterial was a heterogeneous mixture or
not; thermodynamic separation techniques (distitatcrystallization) decided if it was a
homogenous mixture or not; and chemical analystsded if it was a compound or an ele-
ment. Of course, the operational definitions did alevays provide simple and decisive re-
sults, as with azeotrope mixtures and many presuehatdents that turned out to be com-
pounds by more sophisticated chemical techniquesieder, those substances could not un-
dermine the classificatory approach because thenglly just moved one step up the hierar-
chy.

It should be noted that the operational definitioh€lements and compounds worked safely
only on the basis of a reliable and uniform systdmelative equivalent masses, which was
developed only during the nineteenth century bjn&edous collective efforts of the chemical
community. Whether a chemical transformation wasally an analysis rather than a synthe-
sis did not depend on the absolute masses of edndtproducts, but on their relative equiva-
lent masses, the determination of which employéatrge set of mutually correcting experi-
mental techniques (Schummer 1996, 185-203), inctudiolumetric and gravimetric meas-
urements of combining volumes and masses in chémgaations; thermodynamic measure-
ments such as the decrease of melting pointsntitease of boiling points, osmotic pressure,
specific heat capacities; and analogy reasoninly aady isomorphism of crystals and chem-
ical similarities of elements that eventually ledte periodic system.

Against that background it would be misleadinguse the terms “empiricism” or
“positivism” for describing the chemical approach dlassification. The most appropriate
term would be “experimentalism.”
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3.4 Tensions: Debates on Elements in Compounds

One major strength of Harré’s threefold framewarkhat it allows us to identify and under-
stand tensions within the concept of elements tjinout history. Such tensions occur when
the three roles or functions cannot smoothly begrdated into one concept. The notion of
elements then tends to disintegrate into two erdlmoncepts.

In one of the rare philosophical papers by a twetimcentury chemist, Fritz Paneth
(1931) argued that modern chemistry has actualdydancepts of elements, which he called
einfacher Stoff¢simple substances) ai@rundstoff(basic substances). The first concept re-
fers to material bodies that meet the operatioeéihiion; the second one is used when we
think of a compound being composed of elementxpdaéen the compound’s properties from
the elements. Obviously the split results from abl&s to reconciling the two roles, experi-
mental access and explanation. Note that classdicaan be achieved by both concepts:
operationally by chemical analysis and synthesis, @presentationally by referring to the
constituents of a compound.

Paneth was not the first to notice the double mmgarAs Scerri (2007, 117) and
Hooykaas (1947) have pointed out, already Mendebbserved the inconsistency and distin-
guished between simple substances and abstracemienTo some extent, also Lavoisier’s
terminological vacillation in higraité élémentaire de chim{@789) betweengrincipes and
“substances simplefor his elements expresses the double meaningguse of his efforts to
take some elements, particularly oxygen, as expaparinciples. In the period between
Lavoisier and Mendeleev, who tried to reintroduneeaplanatory account with his periodic
system, the double meaning was largely absentubecaxplanatory ambitions were tempo-
rarily given up for the elements that still hadb® discovered. However, in the past six or
seven centuries that was rather an exception.

The main tension became visible in endless delzdiest whether elements are con-
stituents in compounds, and, if so, how one coyfaagn that most compounds radically dif-
fer in their properties from the elements they wamresumably built of and classified by. The
issue has been a major explanatory challenge tmishig and its precursors. Much of the
debate during the ancient, early modern, and mopkenods has been documentedy( Du-
hem 2002; Hoykaas 1947), such that | confine mytee#f few remarks on the medieval peri-
od that is lesser known and then look at IUPACIsitsan.

Aristotle himself argued that in true compoundspents are only in the state of po-
tentiality ©e gen. et car I. 10). The two leading Islamic commentatorsjc&nna and Aver-
roes, developed — each with a sophisticated mesagaiyapparatus — opposite views (for de-
tailed references and discussion, see Lasswitz, IB#B254; and Maier 1943, chapter 1). In
much simplified terms, Avicenna held that the elataeas such are preserved in compounds
and that only their properties combine into newssaititial forms, whereas Averroes thought
that the elements lose their identity in compoufuagike in mixtures) to build new substan-
tial forms. Almost all prominent Latin philosophextio dealt with natural philosophy debat-
ed the issue and sided either with Averroes or &wia or developed a middle way, including
Albert the Great, Thomas Aquinas, Roger Bacon, D8ostus, and William of Ockham.
They all engaged in what came to be a central issughemistry, although none of them
could convincingly solve it.

Starting with Lasswitz (1890) modern commentatwase frequently argued that the
issue was eventually solved by modern atomism. ewBJPAC still upholds a double def-
inition of “chemical element” based on atomismtsGold Book®

3 IUPAC, Compendium of Chemical Terminoloddnd ed., comp. A. D. McNaught and A. Wilkinson
(Oxford: Blackwell Scientific Publications, 1997A,v. “chemical element,” https://goldbook.iupac/otql/C/
C01022.html.
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(1) A species of atoms; all atoms with the same memof protons in the atomic nu-
cleus.

(2) A pure chemical substance composed of atontstivt same number of protons in
the atomic nucleus.

While definition 2 highlights the role of experintahaccess by purification resulting in a
collection of atoms, definition 1 defines elememds$ by a collection but by a species of atoms
that might serve in explanations and classificatepresentations such as structural formulas.
The phrase “all atoms with the same number of m®ia the atomic nucleus” suggests that
the number of neutrons is an accidental properglehents, such that isotopes belong to the
same atomic species and element in both definitiBas what about electrons? IUPAC de-
fines “atom” as the

smallest particle still characterizing a chemidaih®ent. It consists of a nucleus of a
positive charge (Z is the proton number and e tementary charge) carrying almost
all its mass (more than 99.9%) and Z electronsrofgiéng its siz€'

Hence, the number of electrons, Z, is an essegmtigderty of the atom and the element, such
that an ion is, according to IUPAC’s definition,tram element. It follows that elements do
not exist in ionic crystals because the electrars o longer be assigned to the nuclei as in
elements, and similar reasoning can be developetbi@lent and metallic bonds, or any oth-
er theory of chemical bonding. Since compoundsnatecomposed of elements, they cannot
be classified according to elemental constituedtsviously IUPAC, | assume unknowingly
and unwillingly, sides with Averroes, despite tlwble definition.

If, on the other hand, and contrary to IUPAC, eoasiders the number of electrons,
like the number of neutrons, an accidental propeftatoms, then one could define atoms
and, thereby, chemical elements as proton aggiegaigardless of neutrons, electrons, ener-
gy and spin state exchange with the surroundings,s@ on. Atoms/ elements in that sense
can without contradiction be said to exist in coonpas, and their specific configuration may
be used for classificatory purposes. That corredpdn Avicenna’s view. However, all mod-
ern chemical explanations refer to the electronatoims, which would, strictly speaking, be
ruled out. One could try a middle way, as did Attsard Thomas, for instance, by distinguish-
ing between core electrons and outer shell elestrout that only blurs the issue rather than
solves the tension convincingly.

In sum, from the Middle Ages to today’s chemisti},three roles or functions of ele-
ments could not be reconciled in one consistentcgmh. The operational definition took
experimental access as the defining feature of esnand achieved classification by exper-
imental analysis, but at the price of giving up larations. Once the explanatory role of ele-
ments was revived, conceptual tensions arose asfemhich IUPAC’s definitions are a tell-
ing example.

4. Conclusion

4.1 The Legacy of the Operational Definition
Definitions cannot be true or false, they are thdisputed conventional parts of science, that

is, the scientific community decides whether thegept it or not. Once accepted the commu-
nity can at any time change their minds and drepdefinition; or the community splits such

4 IUPAC, Compendium of Chemical Terminoloddnd ed., comp. A. D. McNaught and A. Wilkinson
(Oxford: Blackwell Scientific Publications, 199%)y. “atom,” https://goldbook.iupac.org/html/A/AC83.html.
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that one group accepts it and the other one dtoprs general, definitions specify the mean-
ing of terms which enables more precise commuminaind avoids misunderstandings. Op-
erational definitions, for example, the definitioh“time” by clock measurement, do not es-
sentially differ in that regard, but they relatencepts to established and shared laboratory
practices and try to cut off theoretical and meyaptal connotations as far as possible, which
makes the definition acceptable across metaphygieat and theory changes.

However, the operational definition of elementsasy special in two regards. First it
defines not some property but elements, that & fundamental entities that all explanatory
and classificatory approach in natural philosoghgupposed to refer to. Thus, any definition
of elements shapes the entire conceptual and tisdrapparatus. Second, the operational
definition of elements does not only define a ternprovides laboratory rules for literally
producing those entities to which the term “elerheeters. All of modern chemistry, both
experimental and theoretical, has been built odystig those entities, their properties and
compounds, their systematization and theoreticalceptions from Daltonian atomism to
quantum chemistry. Moreover, almost all sciencdaachuding physics, medicine, biology,
and mineralogy — have adopted these chemical elsmetheir experimental and theoretical
frameworks as the unquestionable material basgasting point. When nuclear physics be-
gan to study subatomic particles, they did so moth@ basis of Aristotelian elements but on
the basis of the operationally defined and produdeemical elements; that is, without the
operational definition today’s nuclear and partjghg/sics would not exist.

Theoretical scientists might be inclined to takaas in their models as given entities,
but the properties of the atoms that they takegfanted came to be known only by studying
those pieces of matter that met the operationahitieh. Thus the operational definition of
elements became materialized in science in a unigg both literally by providing a new
material basis for science, and conceptually bggrdting the new entities in theoretical
frameworks.

One could argue that, once the operational defmivas materialized, it could have
been abandoned, like a tool that was temporarigfulido redirect science into a new direc-
tion. However, the operational definition was cbatied several times, particularly through
the discovery of electrons and isotopes (Kragh 200Bat caused debates on whether the
electron is an element and whether isotopes aferelift elements or not, because their exper-
imental isolation and separation actually met theration definition, unless the techniques of
separation would be better specified. In these tésbahemists had to rethink the definition
and employ the usual criteria for accepting a digdim, including its usefulness. In both cases
their negative decisions reflect the contemporafyentical perspective of useful-
ness: electrons could not be isolated and expetattgremployed in the same way as the
other elements; isotopes do hardly differ in tlokiemical properties from one another such as
the other elements. They could have decided, arfthps will do so in the future, otherwise.
The examples illustrate that definitional problecas come up anew at any time, such that it
is better to be aware of the conceptual basis aohadhemistry historically rests.

4.2 The Usefulness of Philosophy for Understanding Science

Epistemological reasoning might not be the maiargjth of scientists and historians of sci-
ence, but some acquaintance with epistemologyriaingy an advantage in both fields. The
history of elements provides ample evidence.

To be sure, some time ago historians of scienaerfraquent use of the methodolog-
ical theories by Popper, Kuhn, Lakatos, and othrersase studies that were meant to support
or criticize ideas about scientific progress. Hoarewsing the historiography of science in
support of a philosophical theory and using antepislogical framework for analyzing a
historical period of science are two different ftsnThe former takes epistemology as a theo-
ry that claims truth; the latter employs epistengatal concepts as tools for better under-
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standing the epistemic practices of science. Omylatter approach, philosophy as a toolbox
or skills, serves historiography.

That was illustrated in Section 3 by using Hartéieefold framework. By consider-
ing all three functions of elements — explanatassification, and experimental access — we
can analyze both the continuities and discontiesiitin the entire history of elements. The turn
to the operational definition of elements then a@ppes a radical disruption, by temporarily
giving up explanation in favor of perfectly meetiegperimental access and classification.
That was arguably the most radical and most inflaédisruption in science ever since, be-
cause it broke up with the entire tradition of matyphilosophy and reoriented not only chem-
istry but most of the sciences toward a new mdteaais on which all subsequent ideas of
science have built. One may call it a “revolutiohiit that term has long been watered down
by numerous case studies on marginal events im@eidts scientific impact dwarfs all the
other so-called revolutions, such as the Kantialativistic, and quantum revolutions, which
have been vividly debated in philosophy despit# fivaited impact on specific fields.

Although the operational turn follows a similarisgpmological pattern as these local
revolutions, the history and philosophy of sciehes hardly acknowledged its scientific im-
portance and epistemological significance. Whepdal®sophers of science have focused on
physics and neglected chemistry, historians of asteynwould rather debate the so-called
“chemical revolution” and Lavoisier’'s role thereiithe person-centered historiographical
approach tends to overlook the broader epistemmbgiimension of the operational turn in
chemistry, that it redefined central concepts dtire philosophy by relating them to human
capacities and their limits, and its place in théew cultural history of modernity.

Moreover, Harré’s framework allows us to identdpd understand conceptual ten-
sions and debates that arose from insufficiengnatégon of all three roles into one account,
from the Middle Ages up to the present day. Of sewsne needs detailed knowledge of scho-
lastic metaphysics to understand the medieval deb&ut only little training in logic is re-
quired to understand that current chemistry seenfevor the view of Averroes. | assume that
most chemists agree to IUPAC’s definitions of “chesth element” and “atom” cited above.
However, they would probably disagree about tharcthat elements are not constituents of
compounds, although that exactly follows from thésgnitions. As conceptual tensions have
reached a historical maximum, philosophy can heiliidba more consistent basis of chemis-

try.
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